Abstract --Detection and quantification of changes in land use/land cover can be thwarted by natural or baseline spatio-temporal variation in reflectance characteristics. This situation is especially true for spatially heterogeneous landscapes that exhibit a strong seasonality in reflectance, such as the Pantanal of Brazil, the largest wetland habitat on the planet. Subject to extensive seasonal flooding by the Rio Paraguai and its tributaries, the Pantanal is an ecotonal landscape, a complex mosaic of shallow lakes, periodically inundated grasslands, and elevated forested patches, which together form a threatened haven of vertebrate biodiversity. We examine the efficacy of robust descriptors of spatial structure in segmenting a series of NDVI images of this complex region into appropriate landscapes units. Our study area is approximately 65 km by 16 km in extent and transverses four landscapes in the southern Pantanal which each possess different hydrological influences: the lake district of Nhecollndia, the floodplains of the Rio Negro, the Rio Aquidauana, and the Rio Miranda. Scales of fluctuation (SOFs; correlation lengths) and lacunarity indices were measured in NDVI images formed from eight Landsat TM quarter-scenes over two inundation cycles (1985, 1989). Segmentation using correlation lengths in conjunction with NDVI intensity values was successful in separating landscapes into distinctive clusters; lacunarity metrics were too highly correlated with NDVI to enable clear segmentation. Regions of higher NDVI exhibited lower seasonal variation; seasonal variation of SOF showed a similar pattern. Scale of fluctuation metrics merit further consideration for image analysis and spatio-temporal scene modeling.
INTRODUCTION
Environmental monitoring of terrestrial vegetation using remote sensing requires the development of scene models [ 11 that describe image phenomenology through empirical, top-down metrics and that facilitate interaction with other dataforms [2] . There is a pressing need for analysis of the spatial and temporal information in imagery in order to develop ecologically relevant scene models that link phenological data derivable from the spectral aspect of imagery with the dynamic processes of ecological forcings and constraints which can be derived from the spatio-temporal structure of the data [2, 3] .
To develop appropriate spatio-temporal scene models, we need techniques to quantify robustly the variation in surface reflectance from complex landscapes. Temporal variability of spatial metrics can provide first-order patterns for use in modeling spatio-temporal structure. Temporal development of spatial patterns in an temperate grassland have been successfully linked with ecological processes [2, 4] . A key question is the efficacy of spatial metrics to facilitate segmentation of an image or image series into ecologically appropriate landscape units. In this paper we apply two different metrics of spatial structure, scale of fluctuation and lacunarity, to distinguish among four adjacent, related landscapes within the southern Pantanal of Brazil, each of which possesses different hydrological influences.
SCALES OF FLUCTUATION & LACUNARITY
Scale of fluctuation analysis is an approach for characterizing "distributed disordered systems" based on random field theory [5] . The scale of fluctuation (SOF) of an underlying spatial stochastic process is the parameter that controls the behavior of the process under extended local averaging [5] . Spatial variation is analyzed through averages along transects or across areas. The 1-D SOF is the correlation length: the distance which on average separates samples that are statistically independent. Pixels within the correlation length exhibit positive spatial autocorrelation, i.e., their residual variance is less than that expected at random. A longer correlation length implies a more homogeneous landscape; it is effectively an estimate of patch size.
Seasonality of NDVI patch size, for example, provides an excellent spatio-temporal pattern at the landscape level that is driven by the many ecological processes behind canopy dynamics [2, 4] . Scale of fluctuation analysis can characterize landscapes by revealing broad patterns of similarity. The potential of SOF analysis for environmental monitoring is great. Unlike most procedures for multi-date image analysis that directly compare pixel values separated in time, the SOF approach gets around the daunting problems of variable atmospheric conditions and sensor drift by focusing on intra-image spatial relationships. Time series of correlation lengths have been shown to be invariant under image-based radiometric rectification [4] and thus, by extension, under changing atmospheric conditions. Details of the algorithm and implementations for imagery are discussed elsewhere [2] .
Lacunarity describes the complex intermingling of the shape and distribution of gapslclumps within a binary image: a highly lacunar image exhibits gapsklumps distributed across a broad range of sizes [6] . Lacunarity is an aspect of fractal geometry: lacunarity (L) is the multiplicative prefactor in the general power-law formula of which the fractal dimension is the exponent, F(x)=Lx'~-~'. As a spatial metric, lacunarity measures the deviation of a geometric object (e.g., shape, pattern, fractal) from translational invariance and thus is wellsuited to analysis of natural scenes. To apply lacunarity analysis to interval-scaled imagery, the intensity histogram is sliced by quantiles to form a series of binary images. High lacunarity values indicate sparse, clumped occurrences; low values indicate broad, dense coverage. The algorithm [6, 7] and implementations for imagery [7,81 are detailed elsewhere.
STUDY AREA AND METHODS
The Pantanal is the largest wetland habitat on the planet: an immense alluvial plain formed during the Holocene, it covers 139,000 km2 in Brazilian states of Mato Grosso and Mato Grosso do Sul [9] . The Pantanal may also be the most radiometrically dynamic landscape on the planet due to extensive seasonal flooding by the Rio Paraguai and its tributaries. An ecotonal landscape, the Pantanal is a complex mosaic of shallow lakes, periodically inundated grasslands, and islands and elevated corridors of forest, which together support an abundant and diverse fauna of birds, fish, reptiles, and mammals, including four million head of cattle [lo] . We acquired from INPE eight Landsat TM quarter-scenes of a region of the southern Pantanal (WRS 226/74A) that includes a large, well-studied, commercial cattle ranch, Fazenda Bodoquena (S19.75",W57"), located at the base of the Serra do Bodoquena. Cloud-free images with low haziness were selected to provide optimal seasonal coverage during 1985 and 1989: May, July, September, and November. The imagery was processed by INPE using nearest-neighbor geometric rectification. We calculated the normalized difference vegetation index ( To emphasize the diversity within the landscape, the same geographic region was subset from each NDVI quarter-scene for analysis. The subset image corresponded to an area running approximately 65 km north-south and 16 km west-east. Correlation length was estimated along west-east transects (i.e., the image rows) resulting in north-south landscape profiles of SOF and transect-averaged NDVI. Means and coefficients of variations (CV) of NDVI and SOF were calculated across all eight dates, which included an anomalously dry date (September 1985) . Lacunarity indices were also calculated along these transects in each of the four binary images formed by slicing the NDVI histogram into quartiles.
RESULTS
Figures 1 and 2 illustrate the landscape profiles of NDVI and correlation length (SOF) of NDVI in the study area. At the northern end of the study area lies the lake district of Nhecollndia (transects 0-450), a landscape characterized by numerous small lakes ringed by trees set against a background of grasses and sedges. This patchy mosaic has consistently low correlation length. Moving south, there is a striking transitional zone (600-650) of low NDVI/high SOF that separates the lake district and the high NDVI riparian zone of the Rio Negro (700-900). Extensive riparian forests associated with the Rio Aquidauana yield an area of high correlation length with low variability (1 100-1400). Just to the west off-image is the confluence of the Aquidauana and the Miranda, the two major hydrologic influences on Fazenda Bodoquena ( 1400-2250). Areas of higher NDVI and low CV at the southern extreme of the study area indicate developed pastures in the fazenda. Across the study area, patches of higher NDVI CV occur in association with lower mean NDVI. Conversely, regions of higher NDVI exhibit lower seasonal variability due to the persistence of trees as opposed to the periodically inundated grasslands. Figure 3 illustrates the landscape profiles of the lacunarity index calculated from the binary images formed from first (Q1) and fourth (44) quartiles of the NDVI histogram for single date in May 1985. Low lacunarity for Q1 indicates extensive coverage of low NDVI values; conversely, high lacunarity for Q4 indicates sparse aggregates of high NDVI values. Note, for example, the behavior at the transition between 600-650. While lacunarity metrics clearly shows sensitivity to different landscapes within the study area, they were too closely associated with NDVI values to permit good segmentation (data not shown). Correlation lengths, on the other hand, enabled a clean and direct clustering of landscapes (Fig. 4) . Note the contrast between the consistently low SOF but highly spatially variable NDVI of the lake district and the highly variable SOF but consistently lower NDVI values of the Rio Aquidauana riparian zone. This separability of landscapes, obtained with only NDVI and SOF measures, suggests that the inclusion of SOF measures in a multivariate clustering algorithm could greatly facilitate image segmentation. As we found in earlier work [ 111, correlation length is a powerful and robust descriptor of spatial structure. 
